Luther JA, Enes J, Birren SJ. Neurotrophins regulate cholinergic synaptic transmission in cultured rat sympathetic neurons through a p75-dependent mechanism. J Neurophysiol 109: 485-496, 2013. First published October 31, 2012 doi:10.1152/jn.00076.2011.-The sympathetic nervous system regulates many essential physiological systems, and its dysfunction is implicated in cardiovascular diseases. Mechanisms that control the strength of sympathetic output are therefore potential targets for the management of these disorders. Here we show that neurotrophins rapidly potentiate cholinergic transmission between cultured rat sympathetic neurons. We found that brainderived neurotrophic factor (BDNF) and nerve growth factor (NGF), acting at the p75 receptor, increased the amplitude of excitatory postsynaptic currents (EPSCs). We observed increased amplitude but not frequency of miniature synaptic currents after p75 activation, suggesting that p75 acts postsynaptically to modulate transmission at these synapses. This neurotrophic modulation enhances cholinergic EPSCs via sphingolipid signaling. Application of sphingolactone-24, an inhibitor of neutral sphingomyelinase, blocked the effect of BDNF, implicating a sphingolipid pathway. Furthermore, application of the p75-associated sphingolipid second messengers C 2 -ceramide and D-
NEURONS CONVEY INFORMATION via synaptic transmission, with functional consequences that are highly dependent on neurotransmitter identity and synaptic strength. Neurotrophic factors regulate these synaptic properties in many neural systems, contributing to the plasticity that underlies critical functions such as learning and memory (for reviews see Black 1999; Carvalho et al. 2008; Lu 2004; Luther and Birren 2009a; Poo 2001) . This form of adaptive plasticity is not limited to the neurons of the central nervous system; neurotrophin signaling regulates maturation and the synaptic properties of peripheral neurons, and it is implicated in cardiovascular diseases and other disorders.
Sympathetic neurons modulate cardiac function via release of norepinephrine onto their cardiac targets in vivo. When cultured together in vitro, sympathetic neurons also form synaptic connections onto cardiac myocytes and release norepinephrine in response to evoked activity, increasing myocyte beat rate (Conforti et al. 1991) . Sympathetic neurotransmitter release at this synapse is regulated by neurotrophins through two classes of receptors: the tropomyosin-related receptor tyrosine kinases (Trk) and the p75 receptor. The p75 receptor interacts with all neurotrophins with similar affinity, while the different members of the Trk family have specific affinities to different neurotrophin family members (Reichardt 2006) . Target-derived nerve growth factor (NGF), acting through the TrkA receptor, promotes the noradrenergic properties of sympathetic neurons Lockhart et al. 1997 ) and regulates the number of postsynaptic contacts (Lockhart et al. 2000) . Sympathetic neurons show neurotransmitter plasticity in culture and in vivo Schotzinger and Landis 1988) , and several factors, including leukemia inhibitory factor and ciliary neurotrophic factor, induce a switch to a cholinergic phenotype, which would be expected to greatly influence sympathetic regulation of target function (Habecker et al. 1997; Patterson and Chun 1977; Rohrer 1992; Slonimsky et al. 2003) .
In addition to this long-term developmental regulation of peripheral sympathetic connections, neurotrophins acutely modulate the excitatory and inhibitory properties of sympathetic synapses onto cardiac myocytes through the opposing actions of TrkA and the p75 neurotrophin receptor (Lockhart et al. 1997; Yang et al. 2002) . Activation of TrkA by NGF causes potentiation of excitatory noradrenergic transmission at neuron-myocyte synapses in cocultures of cardiac myocytes and sympathetic neurons (Lockhart et al. 1997; Yang et al. 2002) , while activation of p75 promotes inhibitory acetylcholine release (Yang et al. 2002) . Thus neurotrophic regulation of sympathetic synapses onto heart cells takes place both at the level of long-term changes in synaptic properties and at the level of acute presynaptic regulation of transmitter release.
Ultimately, sympathetic output in vivo is determined by the activity of excitatory cholinergic input from preganglionic spinal neurons and synaptic connections between sympathetic neurons themselves within peripheral ganglia (Kawai 1996; Kawai and Senba 1995; Ostberg et al. 1976 ). Neurotrophic signaling acts at a developmental timescale to regulate this output by modulating the number of preganglionic synapses onto sympathetic neurons (Causing et al. 1997; Sharma et al. 2010) . Mice that overexpress brain-derived neurotrophic factor (BDNF) in sympathetic neurons show an increase in the density of preganglionic synapses onto neurons in superior cervical ganglia (SCGs) , and this density is decreased in SCGs of BDNF-knockout mice (Causing et al. 1997 ). In addition, target-derived NGF, acting through TrkA, positively regulates neuron-to-neuron synapse formation in cultures of sympathetic neurons as well as in vivo and inhibits synapse formation via p75 activation (Sharma et al. 2010) . Thus target-dependent neurotrophin signaling acts during development to regulate synapse formation both at the level of innervated somatic tissues such as the heart and blood vessels and at the level of central input driving sympathetic activity. However, while neurotrophin signaling plays a role in acutely regulating functional plasticity at peripheral targets, the question of whether rapid neurotrophin-dependent changes in sympathetic drive also take place at peripheral ganglia has not been addressed.
Here we use a model cell culture system that recapitulates many of the synaptic properties seen in the sympathetic nervous system in vivo to test the hypothesis that neurotrophic signaling regulates the strength of synaptic connections between sympathetic neurons. We show that neurotrophins rapidly potentiate transmission at neuron-to-neuron synapses that form between sympathetic neurons that are cocultured with cardiac myocytes. This suggests a role for target-derived neurotrophin signaling in the regulation of intraganglionic and possibly preganglionic transmission. Interestingly, this modulation takes place via p75 neurotrophin receptor activation, with no effect from TrkA signaling. We demonstrate that neurotrophic modulation of these cholinergic synapses involves a postsynaptic mechanism by showing that inhibition of downstream p75 signaling in the postsynaptic cell blocks BDNF potentiation and activation of p75 second messenger cascades in the postsynaptic cell mimics the effects of BDNF application. We cannot rule out a potential presynaptic contribution to this signaling that may work in concert with the observed postsynaptic mechanism. Synaptic modulation at these neuronal synapses is distinct from neurotrophic modulation of sympathetic synapses onto cardiac targets, where effects on synaptic transmission are presynaptic and modulated via both TrkA and p75 signaling (Locke and Nerbonne 1997; Yang et al. 2002) . Pathological changes in target neurotrophin signaling and sympathetic activity are implicated in cardiovascular diseases (Govoni et al. 2011) ; thus this work suggests a potential link between these neurotrophic pathways, regulation of sympathetic activation, and heart disease.
METHODS
Cell culture. All protocols involving animals were approved by the Brandeis University Institutional Animal Care and Use Committee. Cell culture was performed as described previously (Lockhart et al. 1997; Luther and Birren 2006) . Superior cervical sympathetic ganglia were dissected from postnatal rats (P0 to P2) and incubated at 37°C for 1 h in minimum essential medium (GIBCO BRL, Invitrogen, Carlsbad, CA) containing 325 U/ml collagenase (Worthington, Lakewood, NJ) and 5.5 U/ml dispase (GIBCO BRL). Cardiac myocytes were isolated by removing the bottom third of heart ventricles and chopping them finely with small scissors. Heart tissue was incubated in a buffered saline solution containing 365 U/ml collagenase (Worthington) for 1 h at 37°C. The buffered saline solution for collection and incubation of heart tissue contained (in mM) 116.5 NaCl, 19.8 HEPES, 1 NaH 2 PO 4 , 5.6 glucose, 5.4 KCl, and 1 MgSO 4 and was adjusted to pH 7.4 with NaOH. The myocytes and neurons were dispersed by passing repeatedly through fire-polished glass pipettes and, after removal of enzyme, were transferred to separate uncoated plastic culture dishes and incubated for 2 h at 37°C. The less adherent sympathetic neurons and myocytes were then rinsed from the dishes with growth medium and counted. Neurons were plated at 10,000 cells per dish and myocytes were plated at 50,000 cells per dish on glass-bottomed plates (MatTek, Ashland, MA) coated with collagen (50 g/ml; BD Biosciences, Bedford, MA) and mouse laminin (5 g/ml; BD Biosciences). Cultures were maintained in modified L15CO 2 medium (Hawrot and Patterson 1979; Lockhart et al. 1997) supplemented with 10% fetal bovine serum (Omega Scientific, Tarzana, CA), 6 g/ml dextrose, 2 mM glutamine (Invitrogen), 100 U/ml penicillin-100 g/ml streptomycin (Invitrogen), 1 g/ml 6,7-dimethyl-5,6,7,8-tetrahydropterine (DMPH4, Calbiochem, San Diego, CA), 5 g/ml glutathione (Sigma, St. Louis, MO), and 100 g/ml L-ascorbic acid. NGF (5 ng/ml, Upstate, Lake Placid, NY) was added to support neuronal survival, and 1 M cytosine arabinofuranoside (Ara-C, Sigma) was added to inhibit cell division. Half of the medium was exchanged with fresh NGF-containing growth medium three times weekly.
Electrophysiology. Synaptic recordings were made with an Axopatch 200B amplifier (Axon Instruments, Union City, CA). Patch electrodes (2-4 M⍀) were pulled from borosilicate glass (Warner Instruments, Hamden, CT) on a model P-97 Flaming/Brown horizontal micropipette puller (Sutter Instrument, Novato, CA). Data were acquired with the pCLAMP8 software suite and a Digidata 1320A digitizer board (Axon Instruments) and were digitized at 10 kHz and low-pass filtered at 2 kHz. Recordings were made at a holding potential of Ϫ60 mV, which is near the normal resting potential for these cells. Recordings of miniature synaptic events were made at 35-36°C with a QE-1 heated culture dish platform (Warner Instruments); all other recordings were made at 25°C. Recordings were made in external saline solution consisting of (in mM) 150 NaCl, 3 KCl, 2 MgCl 2 , 5 Na-HEPES, 2 CaCl 2 , and 11 dextrose, pH 7.4 and adjusted to 330 mosmol/kgH 2 O with sucrose. The pipette solution contained (in mM) 100 K gluconate, 30 KCl, 1 MgSO 4 , 1 CaCl 2 , 10 EGTA, 10 HEPES, 3 Na, and 2 K 2 ATP, pH 7.4 and adjusted to 290 mosmol/kgH 2 O with sucrose.
Series resistance (R s ) was monitored throughout recordings but not compensated. Since changes in R s could systematically alter recorded synaptic current [excitatory postsynaptic current (EPSC)] amplitude by introducing voltage-clamp errors, we examined R s in a group of six control cells that showed variation of R s throughout recording. In control recordings we found no systematic relationship between EPSC amplitude and R s at normally observed values. The mean EPSC amplitude was Ϫ54 Ϯ 6 pA at low 12 Ϯ 2 M⍀ R s versus Ϫ58 Ϯ 7 pA at high 32 Ϯ 3 M⍀ R s values (amplitude not significant, R s P Ͻ 0.001, paired t-test). These data do not preclude that R s could affect measured EPSC kinetic values, but they allow us to draw conclusions about EPSC amplitude over the R s values included for analysis. Data from cells with R s Ͼ40 M⍀ were discarded, although R s was generally much lower, with a mean value of 21 Ϯ 1 M⍀ at the end of recording (n ϭ 100 cells). Neurons with membrane potentials depolarized above Ϫ47 mV were not included for analysis (Luther and Birren 2009b) . Unitary synaptic events were detected with the Clampfit template search function and were scanned by eye to eliminate overlapping compound synaptic events and action currents. For histogram plots, equal numbers of events from each cell for each experimental condition (specified in Figs. 2-4, 6, 7) were chosen randomly from the collected data and compared with control. Data were randomized by aligning to a list of random numbers generated in a Microsoft Excel spreadsheet. We found variability in the baseline amplitude of spontaneous cholinergic EPSCs between batches of cultures (ranging approximately from Ϫ40 pA to Ϫ100 pA). However, we used each cell as its own internal control, allowing analysis between experimental conditions. Furthermore, even in culture sets with high baseline amplitude we still observed significant enhancement of EPSC amplitude after intracellular sphingolipid application (data not shown), implying that all cultures were examined within a dynamic range of activity.
Baseline control activity was recorded for 10 -15 min. Pharmacological agents were applied for 10 -15 min, after which data were collected for the experimental condition for another 10 -15 min. We did not see evidence for a washout of the BDNF effect in cells recorded for up to 15 min after removal of the neurotrophin; however, this does not rule out the possibility that a longer wash period would show reversal of the drug effect. We therefore also performed control experiments using saline solution applied over the same time course and compared synaptic events from the first 10 -15 min of recording to events recorded after 30 min to rule out a possible effect of time of recording due to internal cytosolic dialysis.
Pharmacological agents. The nicotinic cholinergic antagonist hexamethonium bromide was obtained from Sigma and diluted directly in recording saline solution to 100 M. NGF (Upstate) and BDNF (provided by Regeneron Pharmaceuticals, Tarrytown, NY) were divided into aliquots and frozen in growth medium and added directly to the external saline solution at a final concentration of 50 or 100 ng/ml, respectively. The irreversible inhibitor of neutral sphingomyelinase (nSMASE), sphingolactone-24, was dissolved to 25 mM in DMSO and then diluted to 25 M directly into medium or physiological saline solution (Wascholowski and Giannis 2006) . We preincubated cultures in growth medium containing 25 M sphingolactone-24 for 1-2 h prior to recording. C 2 -ceramide (Enzo Life Sciences, Farmingdale, NY) was dissolved to 200 mM in DMSO, complexed 1:1 with fatty acid-free bovine serum albumin (Sigma) to prevent precipitation, and then diluted to a final concentration of 25 M (of C 2 -ceramide, 0.01% DMSO) in recording or internal pipette solution. We found no significant effect of the solvent/bovine serum albumin vehicle on synaptic activity (see RESULTS). To selectively activate the TrkA signaling pathway, we used a monoclonal antibody directed against NGF that blocks activation of p75 without affecting NGF-dependent TrkA activation. A complex of molar ratio 2:1 (␣NGF30-NGF, 50 ng/ml NGF) was applied dissolved in external saline solution. D-Erythro-sphingosine was purchased from Avanti Polar Lipids (Alabaster, AL), dissolved in DMSO, stored frozen, and then diluted into internal pipette solution (1 M and 0.025% DMSO final dilution). The NGF30 monoclonal antibody was kindly provided to us by Dr. Uri Saragovi (Saragovi et al. 1998 ). To block the activity of p75 we used the function-blocking antibody REX diluted 1:500 in recording saline, kindly provided by Dr. Louis Reichardt (Luther and Birren 2009b; Weskamp and Reichardt 1991) . Fumonisin B1, which blocks endogenous ceramide production, was obtained from Enzo Life Sciences and was applied at 10 M diluted in recording or internal pipette solution.
Statistical analysis. Data records were analyzed with Clampfit 8 (pCLAMP 8, Axon Instruments). Data are expressed as means Ϯ SE, and differences were considered statistically significant at P Ͻ 0.05. Statistical comparisons were made with SigmaStat 2.0 (Systat Software, Chicago, IL) and Clampfit 8. Unless otherwise specified in the text, the paired t-test was used to compare control and drug conditions when data were generated in the same cells and were normally distributed. Paired data for nonnormally distributed data sets were compared with the nonparametric Wilcoxon signed-rank test. EPSC amplitude data shown in cumulative percent histograms were compared with the Kolmogorov-Smirnov test.
RESULTS
Cholinergic synaptic activity in sympathetic neurons in longterm coculture with cardiac myocytes. We observed spontaneous network activity in rat SCG neurons cocultured with cardiac myocytes for prolonged culture periods (14 -98 days, average 26.5 Ϯ 1.1 days; n ϭ 107). The observed network activity consisted of bursts of action potentials and excitatory synaptic events that were dependent on neuron-to-neuron cholinergic synaptic transmission. Bath application of the nicotinic cholinergic antagonist hexamethonium (100 M) caused a nearly complete and reversible decrease in both synaptic events and cell spiking in the neuron-myocyte cocultures (Fig. 1, A and B ; n ϭ 6). This network activity was not observed in the first 3 days of culture (Vega et al. 2010 ), although we have previously observed evoked noradrenergic transmission at that time (Lockhart et al. 1997 ). This suggests a time-dependent shift toward cholinergic signaling between neurons in culture, consistent with a late acquisition of cholinergic properties Potter et al. 1986) .
Sympathetic drive to target tissues such as the heart in vivo is ultimately driven by excitatory cholinergic input from preganglionic neurons to postganglionic neurons at peripheral ganglia (shown schematically in Fig. 1D ). When cultured together in vitro, sympathetic neurons form synapses onto one another in addition to forming synapses on to cocultured target cells such as cardiac myocytes (Fig. 1, C and E) .
Regulation of synaptic transmission by brain-derived neurotrophic factor. Neurotrophins modulate many sympathetic neuronal properties including neuronal growth (Bibel and Barde 2000) , membrane electrical properties, and transmitter expression Birren 2006, 2009a; Slonimsky et al. 2003; Yang et al. 2002) . We previously showed that neurotrophins rapidly modulate neurotransmission at sympathetic synapses onto cocultured cardiac myocytes, and that BDNF causes a shift from excitatory noradrenergic to inhibitory cholinergic transmission (Slonimsky et al. 2003; Yang et al. 2002) . Since cholinergic transmission plays a critical functional role in driving sympathetic activity in vivo, this suggests that BDNF signaling could provide a mechanism for regulation of sympathetic function within the ganglia, as well as at the level of innervated tissue.
We therefore investigated whether neurotrophin signaling acutely modulates neuron-to-neuron cholinergic transmission in spontaneously active cultures containing neurons and cardiac myocytes. We recorded spontaneous EPSCs from neurons in long-term coculture in voltage clamp at a holding potential of Ϫ60 mV (near the normal resting potential for these cells) and selected unitary events for analysis (see METHODS). Acute bath application of BDNF (100 ng/ml for 10 -15 min) caused an increase in the amplitude of cholinergic synaptic EPSCs (Fig. 2 , A and B; n ϭ 11). We found that application of BDNF after a 1-h preincubation of cultures with the p75 functionblocking antibody REX (1:500) blocked the potentiating effect of BDNF, suggesting that BDNF acts through the p75 receptor to increase EPSC amplitude ( Fig. 2C ; n ϭ 5).
We did not see evidence for a washout of the BDNF effect after removal of the neurotrophin within the time frame of our experiments (see METHODS). Therefore we wanted to rule out the possibility that the increase in amplitude was due to a time-dependent recording artifact (i.e., washout of intracellular molecules due to whole cell recording configuration). We observed no change in EPSC amplitude when saline vehicle was applied for 10 -15 min in the absence of BDNF ( Fig. 2D ; n ϭ 11).
We found no change in the waveform of cholinergic EPSCs after application of BDNF. We measured the 10 -90% rise and decay times as well as the half-amplitude width, which did not differ after BDNF treatment (data not shown, n ϭ 11). While this suggests that postsynaptic channel kinetics were unaltered by BDNF, these measurements may not represent true channel kinetics as synaptic events are likely to be filtered because of the large size and well-developed neuritic arborizations of the neurons.
Neurotrophins act through p75 but not TrkA signaling to influence cholinergic EPSC amplitude. Sympathetic neurons express p75 and the NGF-specific TrkA receptor but do not express TrkB, a specific BDNF receptor (Bamji et al. 1998; Dixon and McKinnon 1994; Wyatt and Davies 1995) . Therefore, BDNF only activates the p75 pathway in sympathetic neurons (Singh et al. 2008; Yang et al. 2002) . In contrast, NGF activates both the p75 and TrkA signaling systems (Singh et al. 2008; Yang et al. 2002) . We therefore hypothesized that NGF would potentiate EPSC amplitude via activation of the p75 signaling pathway and furthermore wanted to test the possibility that TrkA activation could also influence synaptic function.
We found that bath application of NGF (50 ng/ml) also potentiated EPSC amplitude ( Fig. 3A ; n ϭ 6) and that this potentiation was blocked by inclusion of a monoclonal antibody directed against NGF (␣NGF30) that selectively inhibits NGF's interaction with the p75 receptor but allows activation of TrkA (Saragovi et al. 1998) (Fig. 3B ; n ϭ 8). Thus signaling via TrkA was not sufficient to enhance EPSC amplitude, suggesting that the effects of NGF at these synapses are mediated via p75 activation.
We previously showed that the neurotrophins BDNF and NGF differentially activate p75 and TrkA, leading to dramatically different effects on sympathetic intrinsic electrical properties (Luther and Birren 2009b) and on neurotransmission at neuron-cardiac myocyte synapses in vitro (Slonimsky et al. 2003; Yang et al. 2002) . NGF, when bath applied with the anti-NGF antibody ␣NGF30, acts as an NGF-dependent TrkAspecific ligand (Saragovi et al. 1998) . We confirmed the actions of the NGF/␣NGF30 antibody in promoting TrkA-specific NGF signaling by measuring spike output of sympathetic neurons in the presence of NGF and ␣NGF30. We previously showed that TrkA activation in these neurons increased spike firing and shifted the firing toward a tonic pattern while p75 signaling resulted in decreased firing and a shift toward a phasic pattern (Luther and Birren 2009b) . We found that application of NGF/␣NGF30 significantly increased spike output in response to a square-wave current pulse over a range of amplitudes consistent with results described previously for TrkA activation (Luther and Birren 2009b) . This indicated that we were indeed pharmacologically activating TrkA with the NGF/␣NGF30 treatment ( Fig. 3C ; n ϭ 24 and n ϭ 10 for saline control and NGF/␣NGF30, respectively). Furthermore, NGF/␣NGF30 caused an increase in the percentage of spikes occurring in the second half of the square-wave stimulus, a measure that we previously showed is a reliable indicator of tonic firing ( Fig. 3C, inset ; n ϭ 24 and n ϭ 10 for saline control and NGF/␣NGF30, respectively).
The lack of an effect of NGF/␣NGF30 on cholinergic neuron-to-neuron transmission as measured by EPSC amplitude and frequency, combined with the significant effects of both BDNF and NGF alone, suggests that the effects of neurotrophins on cholinergic transmission at sympathetic neuronal synapses are mediated via p75 signaling and that TrkA activation does not modulate cholinergic EPSC amplitude. BDNF increases amplitude but not frequency of miniature synaptic currents. Changes in EPSC amplitude are ascribed to increased quantal content or increased postsynaptic sensitivity (Reimer et al. 1998) . We tested the locus of BDNF action by examining the effect of BDNF application on the generation of action potential-independent transmitter release. Miniature synaptic currents were recorded in the presence of the sodium channel blocker tetrodotoxin (TTX, 500 nM) to block activity. Under these conditions of action potential blockade we observed infrequent small unitary events at room temperature, which became much more frequent at 35-36°C; we therefore performed these experiments at the elevated temperature (Fig. 4A) . The miniature EPSCs (mEPSCs) reflected cholinergic transmission since, similar to the results seen for spontaneous activity (see Fig. 1 ), 100 M hexamethonium reversibly blocked their occurrence (86 Ϯ 8% block, n ϭ 5).
Bath application of BDNF (100 ng/ml for 10 -15 min) caused an increase in the amplitude of the miniature postsynaptic events (mEPSCs) recorded in voltage clamp at a holding potential of Ϫ60 mV (Fig. 4, A and B) . We selected unitary events for further analysis (see METHODS) and found that the mean mEPSC amplitude increased in BDNF ( Fig. 4B ; n ϭ 6). In contrast to the significant increase in mEPSC amplitude, BDNF had no effect on frequency, suggesting that presynaptic release probability was not affected ( Fig. 4C; n ϭ 6) .
Blockade of endogenous ceramide production occludes BDNFmediated amplitude increase. We previously showed that acute regulation of sympathetic firing properties and synaptic transmission between neurons and myocytes was mediated via the ceramide signaling pathway (Luther and Birren 2009b; Yang et al. 2002) . Sphingolipids, such as ceramide, are important regulators of multiple cellular processes (Hannun et al. 2001; Hannun and Obeid 2008) . Ceramide is liberated from sphingomyelin contained in the cell membrane and is freely interconverted between other active metabolites including ceramide 1-phosphate (C1P), sphingosine, and phosphorylated sphingosine (Fig. 5) (Bornancin 2011; Gomez-Munoz et al. 2010; Hannun and Obeid 2008; Kihara et al. 2007 ). Activation of p75 via neurotrophins has been shown previously to liberate ceramide via activation of nSMASE (Fig. 5) (Brann et al. 2002; Zhang et al. 2002) .
We hypothesized that EPSC amplitude was potentiated by BDNF via activation of nSMASE leading to increased intracel- The EPSC potentiation is also illustrated in a bar plot of mean amplitude (inset; Ϫ67.4 Ϯ 3.2 pA vs. Ϫ90 Ϯ 13 pA for control and BDNF, respectively, n ϭ 11, ***P Ͻ 0.001). C: cumulative histogram plot showing that the p75 function-blocking antibody REX blocked the BDNF-induced EPSC enhancement (n ϭ 5 cells; 300 and 255 EPSCs for control and BDNF/REX, respectively). EPSC amplitudes were not altered by BDNF application after incubation with the REX antibody as shown by a bar plot (inset; Ϫ53 Ϯ 5 pA vs. Ϫ58.7 Ϯ 3.5 pA for control and BDNF/REX conditions, respectively, n ϭ 5). D: cumulative percent histogram plot showing no increase in EPSC amplitude after 10-to 15-min application of saline without BDNF, suggesting that the EPSC amplitude increase was not due to a time-dependent recording artifact (n ϭ 11 cells; 517 and 550 EPSCs for control and saline, respectively, P ϭ 0.17).
No difference was seen in mean EPSC amplitudes before and after saline application as shown by a bar plot (inset; Ϫ67 Ϯ 8 pA vs. Ϫ69 Ϯ 8 pA for control and saline conditions, respectively, n ϭ 11). lular ceramide. We tested this by preincubating cultures in the presence of the irreversible inhibitor sphingolactone-24 (25 M) (Wascholowski and Giannis 2006) . We found that inhibition of nSMASE activity blocked the BDNF effect on EPSC amplitude ( Fig. 6A ; n ϭ 6). Sphingolactone-24 application had no progressive effect on EPSC amplitude in the absence of BDNF, suggesting that a BDNF effect was not masked by an inhibitor-dependent progressive decrease in amplitude (Ϫ106 Ϯ 25 pA vs. Ϫ104 Ϯ 25 pA during the first 10 min and after 20 min of recording, respectively; n ϭ 7). Intracellular ceramide is generated from sphingosine via ceramide synthase and is converted back via ceramidase (Fig.  5 ) (Hannun and Obeid 2008) . These metabolites are freely interconvertible, with their intracellular levels being dependent on the activities of the respective metabolic enzymes (Hannun and Obeid 2008) . Therefore, blockade of ceramide synthase leads to increased sphingosine species at the expense of ceramides. We predicted that if BDNF acts postsynaptically to increase EPSC amplitude by activating p75 and causing nSMASE-dependent ceramide accumulation (specifically in the postsynaptic cell), then postsynaptic cytosolic perfusion with the ceramide synthase inhibitor fumonisin B1 (Desai et al. 2002) should occlude the BDNF effect, since accumulating ceramide will be converted to sphingosine. If BDNF acted presynaptically, or through postsynaptic mechanisms other than or in addition to the generation of ceramide, then postsynaptic fumonisin B1 perfusion should not alter, or only attenuate, the BDNF effect. We addressed this hypothesis by including 10 M fumonisin B1 in the pipette recording solution and measuring spontaneous EPSCs after bath application of BDNF. We recorded action potential-dependent synaptic currents in voltage clamp at a holding potential of Ϫ60 mV with no TTX and at room temperature. We compared mean EPSC amplitude at the time of the establishment of the recording (Ͻ10 min after obtaining a whole cell recording) to the amplitude after extensive cytosolic dialysis (15-30 min of recording).
We first wanted to know whether internal fumonisin B1 perfusion itself would alter synaptic properties or influence cell health. We found that intracellular fumonisin B1 perfusion did not influence baseline EPSC amplitude. The mean amplitude was Ϫ84.7 Ϯ 14.5 pA versus Ϫ82.5 Ϯ 10.3 pA in cells internally perfused with fumonisin B1 for up to 10 min and after 15 min, respectively (n ϭ 13). However, internal fumonisin B1 perfusion occluded the BDNF-dependent EPSC amplitude increase, consistent with a role for postsynaptic ceramide accumulation in mediating this effect ( Fig. 6B; n ϭ 8) . Interestingly, neither sphingolactone-24 nor fumonisin B1 influenced EPSC amplitude on its A: the neurotrophin NGF potentiated EPSC amplitude as seen in the shift of the cumulative percent histogram plot for NGF compared with control (n ϭ 6 cells; 294 and 330 EPSCs for control and NGF, respectively, P Ͻ 0.001). Mean amplitudes were also significantly different as seen in a bar plot (inset; Ϫ61.5 Ϯ 6.3 pA vs. Ϫ72.4 Ϯ 8.2 pA for control and after application of 50 ng/ml NGF, respectively; n ϭ 6; **P ϭ 0.005). B: NGF/␣NGF30, which blocks NGF activation of p75, did not alter the EPSC amplitude as seen in the cumulative percent histogram plot (n ϭ 8 cells, 440 and 408 EPSCs for control and after NGF/␣NGF, respectively) and the bar plot of mean EPSC amplitude (inset; Ϫ52 Ϯ 4 pA vs. Ϫ49.6 Ϯ 3.9 pA for control and NGF/␣NGF, respectively, n ϭ 8). C: coapplication of NGF with the anti-NGF antibody ␣NGF30 blocks NGF activation of p75, resulting in only TrkA activation. We have previously shown that TrkA increases sympathetic tonic firing and spike output. A plot of spike output vs. stimulus amplitude (normalized to threshold) shows that NGF/␣NGF30 (molar ratio 1:2 NGF/␣NGF30, 50 ng/ml NGF) caused an increase in spike output over the amplitude range tested (n ϭ 24 and n ϭ 10 for saline control and NGF/␣NGF30, respectively; P Ͻ 0.001, 2-way ANOVA). NGF/␣NGF30 promoted tonic firing as seen by a plot of % of spikes that occurred in the second half of the stimulus, a measurement that we previously have shown represents firing pattern (inset; n ϭ 24 and n ϭ 10 for saline control and NGF/␣NGF30, respectively; ***P Ͻ 0.001, t-test).
own, suggesting that basal sphingolipid levels are insufficient to modulate synaptic properties. The lack of a BDNF effect could be due either to blockade of p75-dependent ceramide accumulation or possibly to fumonisin B1-induced toxicity. However, current-clamp recordings showed that the fumonisin B1-perfused cells had resting potentials and input resistances similar to those found for control cells examined in current clamp [resting potential Ϫ57 Ϯ 2 mV vs. Ϫ60 Ϯ 1 mV and input resistance 436 Ϯ 37 M⍀ vs. 491 Ϯ 54 M⍀ for fumonisin B1 Ͼ 10 min (n ϭ 11) and control (n ϭ 24) cells, respectively], suggesting that the cells were healthy. Furthermore, action potential generation in response to suprathreshold squarewave current injections was normal in fumonisin-perfused cells, showing large overshooting spikes (see Fig. 6C, inset) . Fumonisin B1-treated cells, in the presence or absence of BDNF, generated significantly higher spike output than control cells, consistent with our previous report of a C 2 -ceramide-dependent decrease in spike output ( Fig. 6C ; P Ͻ 0.001, 2-way ANOVA, n ϭ 24 and n ϭ 11, respectively, for control and fumonisin B1) (Luther and Birren 2009b) . Together, these experiments demonstrate an effect of sphingolactone-24 and internal fumonisin B1 in blocking the functional effects of p75-mediated ceramide production without toxicity.
Postsynaptic cytosolic perfusion of C 2 -ceramide and D-erythrosphingosine mimics BDNF effect on amplitude. Our data suggest that BDNF acts through a p75-mediated sphingolipid signaling pathway to increase synaptic current amplitude. We directly tested the hypothesis that postsynaptic sphingolipid signaling regulates EPSC amplitude by delivering C 2 -ceramide or an- The mEPSC amplitude increase is also evident in a bar plot of mean amplitude (inset; Ϫ56 Ϯ 14 pA vs. Ϫ67 Ϯ 14 pA for control and BDNF, respectively, n ϭ 6, *P ϭ 0.01). C: BDNF did not influence mEPSC frequency as seen in a cumulative percent histogram plot and a bar plot of mean values (inset) (n ϭ 6 cells; 114 and 96 data points for control and BDNF and 3.7 Ϯ 0.9 Hz vs. 3.3 Ϯ 1.1 Hz for control and BDNF, respectively). Fig. 5 . Schematic of sphingolipid signaling and pharmacological manipulations used in this study. Sphingomyelin is a major lipid component of the cell membrane. Ceramide species are generated from sphingomyelin via the action of sphingomyelinase (SMASE), which is increased by p75 activation. Ceramide is freely interconverted between various signaling lipids in a manner dependent upon the activity of each enzyme. For example, on activation of SMASE intracellular ceramide levels increase, leading to increased sphingosine levels via the action of ceramidase, which converts ceramide to sphingosine. Conversely, increased sphingosine levels will lead to increased ceramide via sphingosine conversion by ceramide synthase. Application of the sphingomyelinase inhibitor sphingolactone-24 blocks the endogenous generation of ceramide and therefore also reduces the other sphingolipid signaling species. Fumonisin B1 blocks the activity of ceramide synthase, inhibiting the conversion of sphingosine to ceramide. However, ceramidase will convert intracellular ceramide to sphingosine; therefore fumonisin B1 application leads to a depletion of ceramide and an increase in sphingosine species.
other component of the ceramide signaling pathway, D-erythrosphingosine, directly to the postsynaptic cell by including either substance in the patch pipette recording solution (Dobrowsky et al. 1994; Hannun et al. 2001) . We then recorded action potential-dependent EPSCs as described above. If the amplitude increase is due to a sphingolipid-mediated increase in presynaptic vesicle transmitter content in the absence of postsynaptic changes, then isolated postsynaptic application of C 2 -ceramide or D-erythro-sphingosine should show no effect on amplitude. If the increase in amplitude is due to a sphingolipid-mediated increase in postsynaptic sensitivity, then C 2 -ceramide or D-erythro-sphingosine perfusion should mimic BDNF application.
We found that postsynaptic cytosolic perfusion with 25 M C 2 -ceramide or 1 M D-erythro-sphingosine caused a significant increase in EPSC amplitude, consistent with a postsynaptic increase in transmitter sensitivity. We recorded synaptic currents in voltage clamp at a holding potential of Ϫ60 mV with no TTX and at room temperature. We compared mean EPSC amplitude at the time of the establishment of the recording (Ͻ10 min after going whole cell) to the amplitude after significant cytosolic dialysis had presumably occurred (15-30 min of recording). We did this for C 2 -ceramide, D-erythrosphingosine, and the vehicle control (see METHODS). We observed no effect with vehicle alone between the first 10 min of the recording and the period between 15 and 30 min (Fig. 7A , left) but observed a significant increase in EPSC amplitude for recordings with C 2 -ceramide in the pipette (Fig. 7, A and B ; n ϭ 8). We found that intracellular cytosolic application of D-erythro-sphingosine, a signaling sphingolipid in the ceramide metabolic pathway, also caused a significant increase in EPSC amplitude (Fig. 7, A and C) .
Sphingosine and ceramide are freely interconvertible and can be converted to other active metabolites; thus these experiments do not reveal which molecule is the essential signal. We therefore performed recordings with both D-erythro-sphingosine and fumonisin B1 in the recording solution and compared data from the first 10 min to data after significant intracellular dialysis. Fumonisin B1 inhibits ceramide synthase, blocking the conversion of D-erythro-sphingosine to ceramide or C1P. We found that fumonisin B1 blocked the potentiating effect of intracellular D-erythrosphingosine, suggesting that D-erythro-sphingosine or related compounds such as sphingosine 1-phosphate do not mediate the p75 effect on EPSC amplitude (Ϫ93 Ϯ 16 pA vs. Ϫ99 Ϯ 15 pA for first 10 min and between 15 and 30 min after achieving whole . This is also seen in a mean amplitude bar plot (inset; Ϫ128.6 Ϯ 21.3 pA vs. Ϫ120.3 Ϯ 23.6 pA for sphingolactone-24 and sphingolactone-24/BDNF, respectively; n ϭ 6). B: cumulative percent histogram plot showing that postsynaptically applied fumonisin B1 (10 M), a blocker of endogenous ceramide production, blocked the ability of BDNF to increase EPSC amplitude (n ϭ 8 cells; 384 and 336 EPSCs for fumonisin and fumonisin/BDNF, respectively). This is also reflected in a bar plot of mean amplitudes before and after a 10-to 15-min 100 ng/ml BDNF application in the presence of postsynaptic fumonisin B1 (inset; Ϫ43 Ϯ 4 pA vs. Ϫ45.8 Ϯ 6.5 pA for control and BDNF, respectively, n ϭ 8). C: plot of spike output vs. stimulus amplitude (normalized to threshold) showing that cytosolic fumonisin B1 application (10 M) caused an increase in spike discharge in response to square-wave current injections and blocked the previously reported BDNF-dependent decrease in spike output (n ϭ 24 for saline control, n ϭ 5 for internal fumonisin B1 alone, and n ϭ 11 for internal fumonisin B1 and bath-applied 100 ng/ml BDNF; P Ͻ 0.001, 2-way ANOVA, saline was different from both other groups). Inset: current-clamp trace showing large overshooting action potentials generated in response to a 400-pA current injection (500% threshold for this cell) in a cell 40 min after establishing the whole cell recording with fumonisin B1 in the recording electrode, suggesting that cells remained healthy during cytosolic fumonisin perfusion.
cell configuration, respectively; n ϭ 6). These data suggest instead that ceramide or C1P is important for mediating the p75-dependent increase in EPSC amplitude.
DISCUSSION
Here we show that neurotrophic factors, acting through the p75 receptor, potentiate cholinergic transmission between sympathetic neurons via a postsynaptic mechanism. This work has two important implications for understanding mechanisms for acute modulation of sympathetic drive to the heart. First, our experiments suggest that specific target interactions result in distinct neurotrophic responses at sympathetic synapses onto neuronal targets versus heart cells. Furthermore, our finding of neurotrophin-mediated postsynaptic modulation of cholinergic transmission at synapses onto sympathetic neurons suggests that local ganglionic or target-derived neurotrophins could modulate sympathetic drive by acute regulation of central cholinergic inputs and intraganglionic synapses. Overall, these findings argue that peripheral postganglionic sympathetic neurons have modulatory functions beyond acting as a relay for central cholinergic inputs, suggesting that local synaptic effects within the sympathetic ganglion regulate the output of central sympathetic drive.
Sympathetic neurons are contacted by cholinergic spinal neurons (Purves and Lichtman 1978) and make connections onto one another in vivo (Kawai 1996) and in culture (Fig. 1) . In addition, these neurons form synaptic connections within the heart and onto cultured cardiac myocytes (Landis 1976) . Several studies show that these two classes of synapses, neuronal and myocyte, display different properties despite both being formed by sympathetic neurons. An example of this is that individual neurons grown in microcultures with cardiac myocytes form autaptic connections that are morphologically distinct from synapses on myocytes despite being formed by the same neuron (Landis 1976 ).
Here we provide evidence that neuron-neuron and neuronmyocyte synapses also differ in their acute responses to neurotrophin signaling. NGF, acting through TrkA, rapidly increases the strength of noradrenergic transmission at neuromuscular synapses, as evidenced by a potentiation of beat rate induced by neuron stimulation (Lockhart et al. 1997; Slonimsky et al. 2003) . In contrast, we found that TrkA activation had no influence on spontaneous EPSC amplitude at neuron-neuron synapses (Fig. 3) . Since norepinephrine acutely inhibits cholinergic transmission at these neuronal synapses (Kawai and Senba 1995, 1997; Vega et al. 2010) , this suggests that unlike the neuron-myocyte synapse, norepinephrine release onto neuronal targets is not potentiated or induced by TrkA activation. Center: bar plot of mean EPSC amplitude shows that postsynaptic C 2 -ceramide caused a timedependent amplitude increase when amplitude was measured within the first 10 min of the recording compared with 15-30 min after the establishment of the recording (Ϫ71.5 Ϯ 18.8 pA vs. Ϫ92 Ϯ 24 pA for Ͻ10 min and 15-30 min after going whole cell, respectively; n ϭ 8, *P ϭ 0.026). Right: sphingosine significantly increased EPSC amplitude when applied intracellularly (Ϫ64 Ϯ 6 pA vs. Ϫ94 Ϯ 17 pA for Ͻ10 min and 15-30 min after going whole cell, respectively; n ϭ 7; *P ϭ 0.041). B and C: cumulative percent histogram plots showing after 15-30 min of cytosolic application of C 2 -ceramide (B; n ϭ 8 cells; 408 and 440 EPSCs for Ͻ10 and Ͼ15 min C 2 -ceramide, respectively) or sphingosine (C; n ϭ 7; 574 and 357 EPSCs for Ͻ10 and Ͼ15 min sphingosine, respectively) increased EPSC amplitude compared with events within the first 10 min of recording, evident as a shift in the plot (P Ͻ 0.001 for both groups).
Neurotrophin signaling has both common and target-specific effects on cholinergic transmission. BDNF rapidly induces activity-dependent acetylcholine release at neuron-myocyte synapses, resulting in a reduction of myocyte beat rate through muscarinic signaling (Slonimsky et al. 2003; Yang et al. 2002) . The effects of BDNF are mediated through the p75 receptor, as shown by the inability of the Trk inhibitor K252a to block the actions of BDNF and the ability of C 2 -ceramide, a second messenger downstream of p75, to mimic those actions (Lockhart et al. 1997; Yang et al. 2002) . BDNF also potentiated cholinergic transmission at neuron-neuron synapses through a p75-dependent mechanism that was mimicked by application of C 2 -ceramide or D-erythro-sphingosine (Fig. 7) , similar to its actions at neuron-myocyte synapses.
Our findings also provide evidence for differences in the mechanism of neurotrophic modulation at neuronal and myocyte targets. While p75 signaling promotes the presynaptic release of acetylcholine at neuron-myocyte connections (Yang et al. 2002) , we found evidence that regulation of neuronneuron synapses occurred via a postsynaptic mechanism. BDNF increased the amplitude of miniature postsynaptic currents (mEPSCs) but did not change mEPSC frequency (Fig. 4) . Change in mEPSC amplitude is classically attributed to a postsynaptic change in sensitivity to neurotransmitter (Reimer et al. 1998 ). Thus our mEPSC data are consistent with a postsynaptic change in sensitivity. Although these data suggest that BDNF effects are predominately postsynaptic, we cannot rule out the possibility of a presynaptic component. Indeed, BDNF potentiates mEPSC amplitude by ϳ20%, while EPSC amplitude is potentiated by Ͼ30%, raising the possibility that additional mechanisms contribute to this regulation.
A postsynaptic site of action for BDNF is further supported by our observation that restriction of second messengers C 2 -ceramide and D-erythro-sphingosine to the postsynaptic neuron mimicked the effects of neurotrophins and that blocking postsynaptic C 2 -ceramide production by inclusion of fumonisin B1 in the patch pipette occluded the actions of bath-applied BDNF. Together these data show that neurotrophins act on the postsynaptic neuron through the p75 neurotrophin receptor to potentiate cholinergic transmission between sympathetic neurons in neuron-myocyte cocultures, defining a target-specific difference in synaptic properties.
Neurotrophins activate sphingolipid signaling pathways, resulting in the generation of ceramide (Dobrowsky et al. 1994 (Dobrowsky et al. , 1995 . We found that blockade of nSMASE with sphingolactone-24 or intracellular application of fumonisin B1, an inhibitor of ceramide synthase, blocked the effect of bath-applied BDNF, suggesting that sphingolipid signaling mediates the BDNF effect. We found that both C 2 -ceramide and another component of the ceramide pathway, D-erythro-sphingosine, potentiated EPSC amplitude. However, intracellular sphingosine is freely converted to ceramide via ceramide synthase (Hannun et al. 2001; Hannun and Obeid 2008) , and we found that blockade of this conversion with intracellular fumonisin B1 blocked the effect of sphingosine, suggesting that ceramide or C1P mediates the BDNF effect on EPSC amplitude. It is interesting that neither sphingolactone-24 nor fumonisin alone influenced EPSC amplitude. This is consistent with our previous finding that blockade of baseline p75 signaling did not influence neuron excitability, suggesting that basal sphingolipid levels are insufficient to modulate neuronal electrical properties (Luther and Birren 2009b) .
Ceramides are implicated in the activation of several signaling pathways that include protein phosphatase 2A (Dobrowsky et al. 1993) , ceramide-activated kinase (Liu et al. 1994 ), Ras-activating guanine nucleotide exchange factor Vav (Gulbins et al. 1994) , and atypical protein kinase C isoforms (Zhang et al. 2011) , any of which could act as a downstream mediator of neurotrophin-dependent EPSC enhancement. Furthermore, neurotrophin activation of p75 can result in the activation of many distinct signaling cascades in addition to ceramide that could contribute to signaling in this system (Gentry et al. 2004; Reichardt 2006 ). An examination of other p75-dependent signaling pathways for possible roles in the regulation of synaptic and electrical properties will be interesting in future experiments.
A possible mechanism for the observed increase in EPSC amplitude could involve an increase in the number of postsynaptic receptors. Sympathetic neurons express a variety of nicotinic channel subtypes (Skok 2002) , and expression is regulated by target-derived neurotrophin signaling (Yeh et al. 2001; Zhou et al. 2001 ). This raises the possibility that the effects we observe could result from a neurotrophin-dependent increase in channel insertion into the membrane, and, despite the short time frame of these effects, a role for new transcription cannot be ruled out. Interestingly, ceramide signaling regulates rapid channel insertion into the membrane in a CHO cell line stably expressing adult murine nicotinic acetylcholine receptors independent of protein kinase C or protein phosphatase 2A (Gallegos et al. 2008) . This finding raises the possibility that such a mechanism could play a role in this system as well.
We have shown that p75 activation enhances the M-type potassium current (Luther and Birren 2009b) , and since this current is active at rest we considered the possibility that neurotrophin modulation of this current led to our observed synaptic results. However, this particular channel is unlikely to explain the observed increase in EPSC amplitude since this would be expected to cause a decrease in input resistance, which would also decrease the apparent amplitude of EPSCs. While our present experimental design suggests a postsynaptic increase in ACh sensitivity, further experiments to examine downstream signaling systems, transcription, and ACh receptor surface expression will be required to fully elucidate the molecular mechanisms involved.
Neurotrophic modulation of sympathetic neurons and other neurons can involve signaling through either Trk or p75 receptors and can have either acute or long-term developmental effects. Long-term effects of neurotrophins include regulation of cholinergic innervation density of sympathetic ganglia, which is positively regulated by BDNF released from sympathetic neurons and mediated via TrkB signaling (Causing et al. 1997) . Neurotrophins are also produced by somatic tissues such as the heart Randolph et al. 2007) , which regulate sympathetic innervation density of peripheral targets (Hassankhani et al. 1995) . Retrograde signaling by target-derived NGF has been implicated in setting the density of preganglionic to ganglionic innervation in sympathetic ganglia (Sharma et al. 2010) . Interestingly, while TrkA signaling promotes synapse formation, p75 signaling negatively regulates synapse number over developmental time. This is in contrast to the acute p75-mediated potentiation that we observe at these synapses, suggesting discrete actions for neurotrophins in regulating the properties of cholinergic synapses at different timescales.
Plastic changes in synaptic properties are strongly implicated in allowing adaptive and maladaptive changes in nervous system function through mechanisms that may involve neurotrophin signaling. Changes in neurotrophin signaling in heart tissues occur coincident with changes in sympathetic function in many cardiovascular diseases. In a rat model of myocardial infarction increased cardiac NGF is associated with increased sympathetic nerve sprouting (Hasan et al. 2006) , and changes in norepinephrine release and reuptake were observed coincident with alterations in cardiac neurotrophin production in a rat model of congestive heart failure (Kreusser et al. 2008) . These findings suggest that maladaptive and beneficial sympathetic responses mediated via target-derived neurotrophin signaling could be important factors in cardiovascular health. This work sheds light on how neurotrophin signaling could lead to changes in sympathetic drive, which has been strongly implicated in cardiovascular diseaserelated mortality (Malpas 2010) .
